The N-terminal cyanogen bromide peptide of the coat protein of the cowpea strain of southern bean mosaic virus (SBMV-C) was purified by high-pressure liquid chromatography and used as an immunogen in the production of monoclonal antibodies. One monoclonal antibody, designated 4D6, bound to both purified peptide and immobilized virus in a solid-phase ELISA. The reactivity of this monoclonal antibody with immobilized peptide could not be inhibited by native SBMV-C but was inhibited by low levels of EDTA-swollen virus in an antigen inhibition ELISA. 'The binding of 4D6 to the swollen conformation of the virus was not significantly diminished upon collapsing the swollen virus by pH adjustment or addition of calcium ions. Reactivity of the antibody was also observed with native virus particles which had been dialysed against weakly alkaline buffers. The binding of 4D6 was extremely sensitive to trypsin proteolysis of the virus coat protein, indicating that the antibody binding site was most likely located within the first 30 amino acid residues of the Nterminus. Monoclonal antibody 4D6 also cross-reacted weakly with red clover necrotic mosaic virus in both indirect ELISA and antigen inhibition ELISA.
INTRODUCTION
Southern bean mosaic virus (SBMV) particles are isometric with a diameter of 30 nm, have a tool. wt. of 6-6 x 106 and contain a 1.5 × 106 tool. wt. single-stranded RNA and 180 protein subunits of mol. wt. 28200 (Tremaine & Hamilton, 1983) . The cowpea strain, SBMV-C, has been studied extensively by amino acid sequencing and X-ray diffraction (Hermodson et al., 1982; Rossmann et al., 1983) . Virus particles of the bean strain (SBMV-B) swell in EDTA at pH 7.5 and the swollen particles can be contracted by the addition of divalent cations or by adjustment of the solution pH to 5.0 (Hull, 1977) ; SBMV-C is believed to have similar properties (Savithri & Erickson, 1983) . A panel of monoclonal antibodies against the bean type strain and against the cowpea type strain were assessed for their reactivity with native virus, swollen virus, swollen virus contracted by Ca 2+ ions or by pH adjustment, and with purified coat protein (Tremaine et al., 1985a, b) . Six monoclonal antibodies reacted with protein only and three, which were reactive with the native virion, were used as probes of virus structure. In the present study we have investigated the reactivity of a monoclonal antibody prepared against the Nterminal cyanogen bromide (CNBr) peptide of SBMV-C with the virus antigen in different conformational forms and with ten other isometric plant viruses.
METHODS

Viruses and purification.
Sources of cultures and purification methods of the cowpea strains of SBMV [type (SBMV-C), Ghana, Nigerian and Kuhn] and of the bean strains of SBMV [type (SBMV-B), Brazil, Columbia and Arkansas] as well as brome mosaic virus (BMV), broad bean mottle virus (BBMV), cowpea chlorotic mottle virus (CCMV), carnation ringspot virus strain A (CRSV-A), sowbane mosaic virus (SoMV), turnip crinkle virus (TCV), tomato bushy stunt virus, prunus strain (TBSV-P) and turnip rosette virus (TRosV) have been described previously (Ronald & Tremaine, 1976; Tremaine et al., , 1985b . A strain of red clover necrotic mosaic virus 0000-6904 © 1986 SGM (RCNMV-R) (Ragetli & Elder, 1977) was obtained from H. Ragetli. A culture of the F strain of RCNMV (Gould et al., 1981) was obtained from R. Francki and purified using the pH 5 method of . Preparations of bean mild mottle virus (BMMV) and tobacco mosaic virus (TMV) were gifts of H. A. Scott and R. I. Hamilton, respectively. Virus preparations were stored in 0.1 M-NaCI containing 0.02% NaN 3 and either 10 mM-sodium acetate pH 5.0 or, for SBMV, 10 mM-sodium phosphate pH 7.0.
Purification of the N-terminal CNBrpeptide. Purified SBMV-C was dissociated in 66~ formic acid for 24 h at 37 °C and hydrolysed nucleic acid was removed by extensive dialysis against distilled water. Virus coat protein prepared in this manner was lyophilized, resuspended in 66% formic acid and treated with CNBr (1 mg/mg viral coat protein) for 24 h at room temperature. Residual CNBr and formic acid were removed by diluting the sample with 2 vol. distilled water and lyophilizing it.
The CNBr peptides were fractionated by high-pressure liquid chromatography (HPLC) on a Waters uBondapak C-18 column (39 x 300mm) eluted with a linear gradient of 0 to 60~ acetonitrile in 0-1% trifluoroacetic acid (TFA) over 60 min at a flow rate of 1 ml/min. The column eluant was monitored at 220 nm and fractions containing the N-terminal, CB-III, peptide were pooled and concentrated by lyophilization. The purified peptide fraction was re-analysed by reversed-phase HPLC and was subjected to amino acid analysis. An aliquot of peptide was hydrolysed in 6 M-HCI for 22 h at 110 °C, free amino acids were derivatized with phenylisothiocyanate and separated by reversed-phase HPLC (Waters PICOTAG column) as originally described by Koop et al. (1982) .
Immunization and cellJusion. The purified N-terminal peptide was covalently coupled to TBSV-P by a two-step condensation using glutaraldehyde and this conjugate was used as an immunogen in the preparation of monoclonal antibodies. The spleen was excised from an immunized BALB/c mouse 4 days after the last booster immunization and the spleen cells were fused with NS-1 mouse myeloma cells as previously described (Tremaine et al., 1985a) . Hybridoma culture supernatant fluids were assayed for the presence of specific antibodies by indirect ELISA (Tremaine et al., 1985a, b) using either native SBMV-C virus or purified CB-III peptide as the solid-phase antigen. Cultures secreting specific antibody were recloned by the limiting dilution method and stored in liquid nitrogen in medium containing 20~ foetal calf serum (FCS) and 10% dimethyl sulphoxide.
Solid-phase and antigen competitive inhibition ELISA. The binding of specific monoclonal antibody to either native virus or purified N-terminal CNBr peptide was measured by ELISA using alkaline phosphataseconjugated goat anti-mouse Ig (H + L chain-specific) as a tracer second antibody. Linbro EIA microtitre plate wells activated by treatment with 100 gl 1.25~ glutaraldehyde in 0.2 M-sodium phosphate pH 7-4 for 60 rain. The wells were rinsed with water and coated with 100 gl of CB-III peptide (3 ktM in 0.2 M-sodium phosphate pH 7.4) for 2 h at 37 °C. Antigen-coated wells were rinsed extensively with water and excess reactive sites in the wells were blocked with 300 ~tl ELISA buffer (10 mm-Tris-HC1 pH 7-5, 0.1 M-NaCI, 1% bovine serum albumin, 0-05~ Tween 20, 0.05~ NAN3) for 1 h.
The preparation of EIA microtitre plate wells coated with native virus and the subsequent binding and detection of specific monoclonal antibody were essentially as described by Tremaine et al. (1985a, b) .
Competitive antigen inhibition assays were used as an alternative means of studying the effects of various treatments on the binding of monoclonal antibody to virus. Samples of virus or peptide antigen were serially diluted in 120 gl vol. of diluted hybridoma culture fluid. After 60 rain, 100 gl aliquots were transferred to microtitre plate wells coated with purified CB-III peptide. The amount of antibody bound to the solid phase was determined using the standard ELISA protocol.
Limitedproteolytic digestion of swollen virus. Native virus particles were swollen by mixing a purified preparation with an equal volume of 0.2 M-Tris-HC1 pH 7.5, 30 mM-EDTA for 40 min on ice. The mixture was then incubated with immobilized TPCK trypsin-Sepharose 2B at room temperature at a substrate to enzyme ratio of l0 : l (w/w). Aliquots were removed at various times during the digestion and the proteolysed virus was separated from the TPCK-trypsin-Sepharose beads by passage through a 0.45 gm nylon filter.
SDS-PAGE and immunoblotting. Samples of untreated or trypsin-digested SBMV-C and RCNMV-R particles were mixed with an equal volume of 4% SDS, 10 mM-Tris-HCl pH 6.8, 10% 2-mercaptoethanol and 0.4~ bromophenol blue. A total of 2 to 5 gg of viral protein was applied to each well of a mini slab gel (0.75 mm thick x 4 cm long) and subjected to electrophoresis using the buffer system of Laemmli (1970) . Gels were either stained with Coomassie Brilliant Blue G250 or protein bands were eluted electrophoretically and transferred to nitrocellulose membranes in 25 mM-Tris, 192 mM-glycine pH 8.3 for 2 h at 60 V (0.4 A).
Transfer blots were first blocked by incubation in saturation buffer (10 mM-Tris-HC1 pH 7.5, 0.1 M-NaCI, 2~ FCS, 0.05 ~ Tween 20) for 60 min followed by incubation with 10 ml diluted hybridoma culture fluid for 2 to 8 h at room temperature. The immunoblots were then rinsed ten times at 5 min intervals with 20 ml vol. of wash buffer (10 mM-Tris HCI pH 7.5, 0.1 M-NaC1, 0.05~ Tween 20) and then incubated for 2 to 4 h with 10 ml horseradish peroxidase-conjugated goat anti-mouse Ig diluted to 200 ng/ml in saturation buffer. The blots were given a final rinse and incubated with peroxidase substrate (10 mg of 4-chloro-l-naphthol dissolved in 2 ml methanol added to 10 ml 20 mM-Tris-HCl pH 7.5 containing 40 ~tl 30~ H_,Oz) for 30 min. 
RESULTS
HPLC purification of CB-1II peptide
Reversed-phase HPLC analysis of peptides generated by CNBr cleavage of SBMV-C coat protein is shown in Fig. 1 (a) . The major soluble peptide was purified to greater than 95 % purity (Fig. 1 b) and was shown by amino acid analysis (Table 1 ) to correspond to the N-terminal 42 residue peptide designated CB-III by Hermodson et aL (1982) .
Binding of 4D6 monoclonal antibody to purified CB-III
A fusion of mouse myeloma cells with spleen cells from a mouse immunized with purified CB-III peptide conjugated to TBSV yielded one hybridoma, 4D6, which secreted an IgM antibody specific to both untreated SBMV-C and CB-III as tested by solid-phase ELISA. Culture fluid from hybridoma 4D6 did not bind to TBSV-P in a similar assay. Antibody 4D6 bound well to CB-III immobilized on glutaraldehyde-activated microtitre plate wells but did not bind to activated wells not coated with antigen (Fig. 2a) . Activation of EIA wells with glutaraldehyde prior to adsorption of peptide antigen was necessary in order to obtain an adequate level of antibody binding (Fig. 2a) . Antigen inhibition ELISA (Fig. 2b) showed that antibody binding to the solid-phase antigen, CB-III, was specifically inhibited by free peptide in solution with an apparent inhibition constant (Ki) of 7.3 laM. The apparent inhibition constant, Ki, was defined as the concentration of competing antigen that inhibited antibody binding by 50%. D.J. MACKENZIE AND J. H. TREMAINE * Purified CB-III peptide from SBMV-C was hydrolysed for 24 h with 6 M constant boiling HCI under vacuum. Hydrolysed amino acids were derivatized with phenylisothiocyanate and separated on a Waters PICOTAG column. Derivatized amino acids were detected at 254 nm.
t Values from SBMV-C sequence of residues 1 to 42 (Hermodson et al., 1982) .
Indirect ELISA
The reaction of 4D6 monoclonal antibody with SDS-treated or native virus particles using the indirect ELISA is presented in Fig. 3 . Binding of antibody occurred with untreated SBMV-C, BMV, BBMV, RCNMV-R and RCNMV-F. A small amount of binding was occasionally observed with SBMV-B. The antibody did not bind to CCMV, SoMV, TBSV-P, TRosV, BMMV, CRSV-A, TCV or TMV, After SDS treatment of all of these viruses only SBMV-C and RCNMV-R were reactive with the antibody.
Antigen inhibition ELISA
The effect of various treatments on the ability of SBMV-C to bind 4D6 was studied using a competitive antigen inhibition ELISA in which purified N-terminal, CB-III, peptide was the The binding of 4D6 antibody to CB-III peptide-coated microtitre plate wells was tested for inhibition with different concentrations of native SBMV-C (O), EDTA-swollen SBMV-C (C)), EDTA-treated RCNMV-R (11), swollen SBMV-C which had been chromatographed over a Sephadex G-10 column in the presence of 10 mM-CaC12 and subsequently purified on a 8 to 30~ sucrose gradient in l0 mM-Tris HCI pH 7.5, 1.0 M-NaCI (D), or this same antigen re-treated with 15 mM-EDTA (A). Binding of the antibody to the solid-phase antigen was detected with alkaline phosphatase-conjugated goat anti-mouse Ig.
solid-phase antigen. The effect of EDTA-induced swelling of particles of SBMV-C and RCNMV-R on their binding to 4D6 is presented in Fig. 4 . Antibody binding was not inhibited by untreated SBMV-C particles but was specifically inhibited by EDTA-swollen particles of SBMV-C with an average Ki of 0.33 ~tg/ml. In some experiments, swollen virus particles were contracted by chromatography through a Sephadex G-10 column eluted with 10 mM-Tris-HC1 pH 7.5, 0.1 M-NaC1 containing 10mM-CaCI2. The eluted virus was further purified by sedimentation on a gradient of 8 to 30~o sucrose in 10 mM-Tris-HC1 pH 7.5, 1 M-NaC1 (4.5 h at 27000 r.p.m, in a SW27 rotor). Virus particles which had been swollen and collapsed in this manner retained their ability to inhibit 4D6 binding (Fig. 4) and a further EDTA treatment of this virus preparation did not enhance antibody binding. Similar results were obtained with swollen virus particles which had been adjusted to pH 5.0.
Swollen RCNMV-R was also an inhibitor of 4D6 binding, but with a much lower affinity than SBMV-C (Ki 194 ~tg/ml). Binding of 4D6 antibody to CB-III peptide was not inhibited by incubation either with untreated or with EDTA-treated BMV at concentrations up to 1.5 mg/ml, even though the antibody showed cross-reaction with BMV using indirect ELISA.
Aliquots of purified SBMV-C were dialysed against 0.1 M-Tris-HC1 buffer at pH values between 7.0 and 8.5 and the reactivity of these virus samples with monoclonal antibody was assessed using the antigen inhibition ELISA (Fig. 5) . Virus dialysed against pH 7-0 buffer was a very weak inhibitor of 4D6 binding with a K~ of 662 ~tg/ml, whereas virus dialysed against pH 8.5 buffer was approximately 45 times more reactive (K~ 14 ~tg/ml). Virus dialysed against pH 8.5 buffer and subsequently treated with EDTA was a potent inhibitor of antibody binding, with a K~ of 0.41 ~tg/ml. Analysis by SDS-PAGE of samples of virus used in these experiments showed that little or no proteolysis had occurred during the dialysis (results not shown).
Following treatment of virus particles with EDTA the N-terminal region of SBMV-C coat protein is readily susceptible to proteolytic cleavage by trypsin (Tremaine & Ronald, 1978; Erickson & Rossmann, 1982) . The effect of this limited proteolysis on the reactivity of particles with 4D6 antibody was also investigated. Antigen inhibition experiments were performed with samples of SBMV-C removed at various times during the proteolytic digestion (Fig. 6) . Trypsin digestion rapidly reduced the reactivity of SBMV-C with antibody; after 5 min in trypsin, particles bound less than 25~o of the amount bound by untreated virus. SDS-PAGE (Fig. 7) of the trypsin-treated swollen virus particles revealed that the virus protein (Mr 29 000) was almost completely digested to Mr 25000 within 5 rain and that further digestion to Mr 22000 was almost complete in 2 h. In an immunoblot of a polyacrylamide gel containing untreated or proteolysed SBMV-C removed after 5 min of trypsin digestion, 4D6 reacted with the Mr 29000 protein only (Fig. 8) and not at all with the largest proteolytic product (Mr 25000). Tryptic digestionof RCNMV-R particles did not affect their reactivity with 4D6 as measured by antigen inhibition assay. Binding of 4D6 to native RCNMV-R protein or any of the trypsin proteolysis products could not be demonstrated on immunoblots.
DISCUSSION
The binding site for the 4D6 monoclonal antibody must reside within the first 30 amino acid residues of the N-terminal region of SBMV-C coat protein since in immunoblots of native and trypsin-digested protein, 4D6 reacted with the Mr 29000 polypeptide but not with the Mr 25000 proteolytic product which lacks the N-terminal 30 amino acid portion (Erickson & Rossmann, 1982) . The fact that this monoclonal antibody was shown to bind to purified CB-III peptide immobilized on microtitre plate wells and that this binding could be inhibited by free peptide in solution, indicates that the antibody recognizes a sequence-specific epitope; however, it is impossible to rule out additional conformational effects.
The 4D6 binding site is inaccessible in native SBMV-C particles but becomes exposed when the virus is swollen or as a result of structural changes which occur when the virus is immobilized on plastic microtitre plate wells. This structural perturbation which occurs on adsorption of the virus particle to a solid matrix confirms previous results with other monoclonal antibodies (Tremaine et al., 1985 a, b) . Attempts at collapsing the swollen virus by the addition of calcium ions or by pH adjustment did not significantly diminish the reactivity with 4D6 antibody. This indicates that the native conformation of the virus particle cannot be fully restored by these methods. Another monoclonal antibody, B6 , was shown to be specific for the native conformation of the bean strain of SBMV. This antibody did not react with virus particles swollen in EDTA or with swollen particles which had been contracted with Ca 2+ or adjustment ofpH. In the same study, two monoclonal antibodies, B7 and B11, did not react with native virus but did react with swollen virus and with virus contracted after swelling by treatment with Ca 2÷ or adjustment of pH. In this respect studies with 4D6, B6, B7 and Bll indicate that swelling in EDTA produces some irreversible conformational changes.
Dialysis of intact native SBMV-C particles against weakly alkaline buffers was sufficient to expose the 4D6 binding region (see Fig. 5 ). However, the reactivity of virus dialysed against pH 8.5 buffer was less than 4% of that of virus swollen in EDTA as judged by antigen competitive inhibition ELISA. In the absence of other data it is impossible to state whether this pH-modulated change reflects the exposure of a fraction of the antibody binding sites on each multivalent virus particle or all the binding sites on very few particles. In any event, the conformational change detected by 4D6 may be similar to that described by Brisco et al. (1985) in which dialysis of native SBMV-C against mildly alkaline buffer allowed the viral RNA to act as a template in an in vitro translation system using rabbit reticulocyte lysate.
The 4D6 antibody cross-reacted with native RCNMV-R, RCNMV-F, BBMV and BMV in solid-phase ELISA. Antibody binding to immobilized CB-III could not be inhibited with either the native or EDTA-swollen particles of RCNMV-F, BBMV or BMV; however, EDTA-swollen RCNMV-R particles did inhibit antibody binding but were only 1/400 as effective as swollen SBMV-C. The reactivity of 4D6 with native BBMV, BMV and RCNMV-F in solid-phase ELISA but not in antigen inhibition tests probably indicates that the antibody has a very low affinity for these viruses. As has been previously pointed out (Steward & Lew, 1985) it is almost impossible to distinguish between high-and low-affinity antibody binding when comparing titration profiles obtained by indirect solid-phase ELISA, especially when the immobilized antigen is highly multivalent as are viral antigens. Antibody titres at one-half maximal absorbance (Ts0) of 4D6 binding to either native SBMV-C or RCNMV-R were 56 and 48 respectively, whereas the affinity of the antibody for the swollen forms of these viruses differed by more than 400-fold as determined by antigen inhibition ELISA.
Denaturation of the viral antigens with SDS abolished the reactivity of 4D6 with RCNMV-F, BBMV and BMV and significantly reduced its reactivity with RCNMV-R [i.e. Ts0 ---48 (native) as compared to Ts0 = 2.1 (SDS-denatured)]. The binding of 4D6 to SDS-denatured SBMV-C was somewhat lower (Ts0 --30) than that observed for untreated virus (Ts0 = 56) by indirect ELISA. This effect of SDS on antibody binding may indicate that some conformational features, perhaps due to RNA-protein interactions or protein folding, play some role in determining the 4D6 binding site. Another possibility is that residual SDS remains bound to the polypeptide chain following denaturation and adsorption to the plastic wells and this may inhibit antibody binding, especially to weakly interacting viruses.
In conclusion, it can be said that monoclonal antibodies generated against known regions of the viral capsid protein can prove to be valuable probes of virus structure and serve to augment the more traditional physical chemical techniques which have been used so successfully to date.
